Herein, we report a supramolecular rhodium complex that can form dimeric or monomeric Rh-species catalytically active in hydroformylation, depending on the binding of effectors within the integrated DIMreceptor. X-ray crystal structures, in situ (high-pressure (HP)) spectroscopy studies, and molecular modelling studies show that in the absence of effectors, the preferred Rh-species formed is the dimer, of which two ligands coordinate to two rhodium metals. Importantly, upon binding guest molecules, -effectors-, to the DIM-receptor under hydroformylation conditions, the monomeric Rh-active species is formed, as evidenced by a combination of in situ HP NMR and IR spectroscopy studies and molecular modelling. As the monomeric complex has different catalytic properties from the dimeric complex, we effectively generate a catalytic system of which the properties respond to the presence of effectors, reminiscent of how the properties of proteins are regulated in nature. Indeed, catalytic and kinetic experiments show that both the selectivity and activity of this supramolecular catalytic system can be influenced in the hydroformylation of 1-octene using acetate as an effector that shift the equilibrium from the dimeric to monomeric species.
Introduction
Transition metal catalysis is a key technology for the development of efficient and sustainable synthetic protocols, and as such it has been an active research eld for decades.
1 In order to achieve new selectivity and reactivity, most research has been devoted to catalyst development. As the catalyst properties depend strongly on the ligands that coordinate to the metal, catalyst optimization mostly relies on ligand variation. Ligand modications that are oen applied and sometimes well understood in terms of effect on the selectivity and activity displayed by the catalyst, include steric 2 and electronic 2a,3 variations and the ligand bite angle.
4 Interestingly, nature uses a much larger toolbox to construct catalytic systems that are generally far more active and selective than man-made catalysts. Enzymes are nature's catalysts and they convert the substrates in the active site next to a binding site. This binding site allows substrate preorganization, and as such control of catalyst properties via the second coordination sphere.
5 Importantly, with the ourish of supramolecular approaches to build functional architectures including receptors, 6 cages 7 and articial molecular machines, 8 the exploration of enzyme inspired catalysis by precise control of substrate orientation has become an active eld of research.
9
Another big difference between synthetic and biological systems is that enzymes in their natural environment need to operate in a complex mixture of molecules, substrates and other enzymes and their reactivity and selectivity therefore needs to be regulated. Such a regulation can be achieved by cofactor regulation, i.e. a factor that is required for the activity of the enzyme, covalent functionalization of the enzyme, such as phosphorylation, or by allosteric binding of effectors. 5 The effector controlled approach is based on noncovalent binding, which is important for controlling reactivity in more complex systems by feedback loops as it can increase as well as decrease reactivity. For this reason, it is interesting to design and study catalysts that can be controlled by effectors, i.e. supramolecular binding of molecules that otherwise do not interfere with the reaction. Mirkin, Kämer and co-workers reported an orthogonal metal-ligand coordination approach to create systems based on hemilabile coordination complexes.
10 Chloride anions coordinate to the rhodium site thereby regulating the distance between two salphen complexes that operate as a binuclear Lewis acid catalyst in the "open state". Considering the interest in effector controlled transition metal catalysis, 11 we studied a supramolecular system that allows to control the activity and selectivity in hydroformylation by external factors. A new ligand coined OrthoDIMphos (L2), a regio-isomer of ParaDIMphos (L1) that also has a integrated binding site for carboxylate containing guests, 12 forms dinuclear structures in which each ligand coordinates to two rhodium centers, even under hydroformylation conditions. By binding of a carboxylate guest molecule, the dimer breaks up to give mononuclear species only. As the monomer and dimer display different properties in alkene hydroformylation, we effectively generated an effector responsive catalyst system (Fig. 1 ).
Results and discussion

Synthesis of ligand OrthoDIMphos (L2)
The ligand OrthoDIMphos (L2) was prepared following the same straightforward procedure as previously reported for the synthesis of ParaDIMphos (L1).
12 Hydrogenation of 7,7 0 -dinitro- (Fig. S3-S12 †) .
NMR titration studies in CD 2 Cl 2 using the dimeric Rhcomplexes [Rh(L2)(CO)(BF 4 )] 2 as the host and tetrabutylammonium benzoate as the guest show that the association Fig. 1 The general concept of supramolecular tuning of the selectivity and activity via the regulation of the monomer-dimer catalyst equilibrium using effectors base on hydrogen bonding approach (NHs of the DIM-receptor shown in blue color). phosphorus-phosphorus and phosphorus-hydride coupling constants are in line with a typical coordination geometry around rhodium, which is a mixture of coordination complexes with the ligands in equatorial-equatorial (ee) and equatorialaxial (ea) coordination fashion that exchanges rapidly on the NMR timescale (vide infra). The coupling constant of the hydride with Rh is 4.6 Hz, which is typical for these type of Rhphosphine complexes. 12,15 HP 1 H NMR spectroscopy shows that also the DIM-receptor is no longer symmetrical (1 : 2 : 1 ratio instead of 2 : 2 ratio of the NH proton of the DIM-receptor for the square planar complex [Rh(L2)(CO)(BF 4 )] 2 and the monomeric complex [Rh(L1)(CO) 2 H], Fig. 4a and S22-S24 †). The distinct downeld shis of the amide-NH and indole-NH signals of the DIM-receptors (Dd 0.58-2.27 ppm and 1 : 2 : 1 ratio) indicate that these protons are involved in hydrogen bonding. As this is not observed for the monomeric complex based on L1 this suggests that under hydroformylation conditions this hydrogen bonding in the DIM-receptor is important for the formation of the dimeric structure. DFT calculations of the dimeric structure also show that in the energetically most favourable conformation the amide-carbonyl group of one ligand hydrogen bonds with the DIM-receptor of the adjacent ligand within the dimer complex (Fig. 3c , structures A-D at Fig. S25 †) .
16
At room temperature a single set of phosphorus signals was obtained, indicating fast exchange between the complexes in various coordinations modes (ee-ea, ee-ee and ea-ea) on the NMR time scale. At low temperature these exchange processes slow down, and at À92 C, three sets of signals are observed representing these different dimeric complexes (vide supra, Fig. S26 †) . To further investigate the coordination geometry around rhodium in the dimeric species, HP IR experiments were carried out using H 2 /CO or D 2 /CO (both 1 : 1). For a monomeric complex present as a mixture of the ee and ea coordination mode, four peaks in the carbonyl region can be expected, and for monomeric species [Rh(L1)(CO) 2 H] 12 three peaks are observed as a result of overlap. For the dimer [Rh(L2) 2 (CO) 2 H] 2 that is present as a mixture of various coordination modes (ee-ea, ee-ee and ea-ea) ve peaks in the carbonyl region can be observed, again as a result of partial overlap (Fig. 4) . The intensity and peak region difference (Dn 22 and 15 cm À1 ) 17 indicate the presence of both ee and ea coordination species, as also predicted by DFT calculations (Fig. 4b, Table S1 , Fig. S25 and 29, † vide supra).
Besides the major dimeric Rh-species, Rh-hydride signals of a minor Rh-species was observed by 1 H NMR (less than 10%, Fig. S20 , S27 and S28 †).
18 1 H DOSY spectroscopy shows that the signal is of a species that has a diffusion constant comparable to the monomeric ParaDIMphos-Rh complex (log D of À9.10 vs. À9.13 m 2 s À1 , Fig. S17 and S28 †), conrming that this species involves a monomeric Rh complex. VT NMR spectroscopy also shows that the monomer/dimer ratio changes in favour of the dimer at lower temperatures, indicating an enthalpy driven process in line with hydrogen bonds partaking in the dimerization process.
Controlling dimer-monomer equilibrium by effector binding under hydroformylation conditions
As the dimeric structure of the hydride species is stabilized by hydrogen bonding of the carbonyl-O groups of the ligand with the DIM-receptors, the binding of competing carboxylate containing effectors would affect the relative stability of the dimer compared to the monomeric Rh-species. We therefore investigated the effect of the binding of effectors on the monomer/ dimer equilibrium ( Fig. 5 and S30 of hydrogen bonding with HNEt 3 + that is also present in solution. We therefore performed DFT (BP86-D3/def2-SV(P)) calculations to understand the experimental spectra ( Fig. 5b , close to the peak found in the experiment. The Rh-H band calculated to be at 2030 cm À1 was not observed experimentally, as is rather common for these type of rhodium(I)hydrido species.
1e,19
Similar IR shis were observed for complexes based on our previously reported bisphosphite DIMPhos ligands.
12d Experiments with other effectors, such as 3-butenoate, benzoate and 2-vinyl benzoate, show the similar spectra (Fig. 5a ). This shows that the equilibrium between the dimeric and monomeric species can be controlled by the binding of different carboxylate containing effectors in the DIM-receptor.
Further evidence for the ability to control the monomer/ dimer equilibrium by effector binding came from NMR spectroscopy studies (Fig. 6a and S36-S43 †) . The 31 P{ 1 H} NMR spectrum of the complex in the presence of acetate shows two broad peaks at 36.7 and 34.4 ppm separated by 2.3 ppm, which is very different from the two doublets of doublets at 84.8 and 38.0 ppm assigned to the dimeric complexes ( Fig. 6a and S38 †), as also predicted by DFT (BP86/DZP) calculated NMR spectra
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( Fig. S39-S43 †) . In order to show that the equilibrium between the dimeric and monomeric species can be regulated by the binding of an effector, we next performed a titration study monitored by in situ HP IR spectroscopy. For this experiment, the dimeric rhodium complex was prepared under hydroformylation conditions (20 bar H 2 /CO), and subsequently various amounts of acetates as effectors (acetic acid : triethylamine, 1 : 1 ratio, 30-360 equivalents to the DIM-receptor) were injected into the HP IR autoclave under syngas pressure. As expected, the HP IR spectra show the gradual transformation with increasing amounts of acetate of the spectrum with ve bands typical for the dimeric complex, to the large broad band associated to the monomeric complex (Fig. 6b) . This experiment conrms that the equilibrium between the dimer and the monomer can be regulated by the binding of the effector under catalytic conditions.
To further support that this dimer-monomer equilibrium can be controlled by effector binding, the dimeric and monomeric rhodium complexes were modelled at BP86-D3/def2-SV(P) level, and the energies were computed using single point calculation at B3LYP-D3/TZVP/COSMO(DCM) level (Fig. 7, S44 and Table S4 †). Since the entropy is difficult to calculate accurately for large supramolecular systems, the enthalpy energy was used to compare the stability of various structures. These DFT calculations show that the dimeric rhodium complexes in ee-ee, ee-ea and ea-ea coordination fashion are 1.2-5.2 kcal mol À1 more stable than the monomeric complex in which the phosphorus ligands are coordinated in the ee mode (Fig. S44 †) . In the calculated structure of the dimeric complex the two phosphorus atoms of each ligand coordinate to two different Rh atoms, as observed in the X-ray structures of the related complexes. The two phosphorus atoms are different as only one has the carbonyl-O function partially hydrogen bonded in the DIM-receptor of the adjacent ligand (the N-O distances of 2.937-3.035Å), in line with experimental observations in the NMR spectra. According to these calculations, these dimeric complexes are more stable than the monomeric analogue due to the formation of these hydrogen bonds. When acetate as effector binds to the DIM-receptor, the monomeric rhodium complex, in either ee or ea coordination mode, is more stable than the dimeric complex by ca. 25 kcal mol À1 . 22 Thus, combined experimental and theoretical evidence shows that under hydroformylation conditions the complexes are in the dimeric form, unless a sufficient amount of acetate containing effector is present to bind to the DIM-receptor.
Control over selectivity and reactivity in hydroformylation catalysis using the dimer-monomer equilibrium
We next studied if the dimeric and monomeric complexes also display different selectivity and reactivity in the hydroformylation Fig. 8, 9 and S45-S48, Tables S2 and S3 †). All the experiments were performed in an AMTEC SPR16 under identical conditions of pressure and temperature while recording the gas-uptake curves. The selectivity and conversion were determined by gas chromatography and NMR analysis using an internal standard. We used acetate as effector to shi the equilibrium from dimer to monomer, in order to limit the steric effects of the binding of the effector on the catalysis.
23 In the absence of acetate effector, the dimeric rhodium complex converted 1-octene with a linear/branched product ratio of 4.2 (81% linear aldehyde and 19% branched aldehyde). In the presence of the acetate effector (100-400 equivalents), the monomer rhodium complex is the dominant species present and this complex converts 1-octene with a linear/branched product ratio of 1.8, which is two fold increase of the branched isomer product (19% vs. 37%). Next to the selectivity, the reactivity displayed by the monomeric complex is also very different. The recorded gas-uptake curves have been analyzed and for the OrthoDIMphos based catalyst system, the reaction rate is about ten times faster in absence than in presence of the acetate effector, in line with the conversion (Fig. 8, 9b , c and S45-S48 †). Importantly, these results reveal that the dimeric and monomeric active species display different activity and selectivity in the hydroformylation of 1-octene. Thus, the catalyst properties can be regulated by the effector binding to the DIM-receptor.
As control experiments we studied the effect of the acetate binding to the ParaDIMphos-rhodium 12 catalyst, which is only present in the monomeric form (Fig. 8 , Tables S2 and S3 †). As expected, the presence of acetate has limited inuence on the selectivity and activity (l/b ca. 10, conversion 4-8%). A similar control experiment using rhodium Xantphos 24 as catalyst also shows that the presence of 0-400 equivalents of acetate does not inuence the selectivity and activity (l/b ca. 60, conversion 3%, Fig. 8 ). In line with that, analysis of the kinetic data of the Xantphos and ParaDIMphos based rhodium complexes show that the activity does not change in the presence of acetate, i.e. acetic acid and triethylamine of 1 : 1 ratio. Importantly, these control experiments also reveal that the triethylammonium carboxylate salts generated do not inuence the activity and selectivity via the interaction with the catalytic center. Instead, the modication of the catalyst conformation via effector binding to the second coordination sphere plays dominated role in the regulation of the activity and selectivity. Thus, these experiments demonstrate that the OrthoDIMphos-Rh catalyst represents an unique responsive catalyst system as the activity and selectivity can be tuned by the addition of acetate as effector.
Conclusions
In this paper, we report a new ligand, OrthoDIMphos (L2), that forms dimeric complexes [Rh(L2)] 2 when coordinated to rhodium, as evidenced by the two X-ray crystal structures and spectroscopic studies in solution. The dimeric structure under hydroformylation conditions is favoured by hydrogen bonding interactions between the carbonyl-O groups of the ligand and the DIM-receptors. As binding of guests competes with this hydrogen bonding, the presence of carboxylate containing effectors in solution results in the formation of monomeric complexes, and as such these guests are effectors that control the dimer-monomer equilibrium of these complexes. As the monomeric and dimeric complexes have different properties in the hydroformylation of 1-octene, this catalytic system represents an effector responsive hydroformylation catalyst. Both the regioselectivity and reactivity are different when the reaction is carried out with catalyst in monomeric or dimeric state (l/b 4.2 to 1.8, rate 0.008 to 0.0004 mol (l À1 h À1 )). As such, we demonstrate in this paper the rst example of the control of the selectivity and reactivity in the hydroformylation reaction using effectors to change the active species from dimer to monomer conformation. This type of regulatory mechanism is rather common in nature, but very rare for synthetic systems. These systems can be useful for catalysis in more complex mixtures of catalysts and substrates, and experiments along these lines are currently carried out in our laboratories.
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